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ABSTRACT

Over the last three years, NASA Lewis Research Center has investigated the application

of newly discovered high temperature superconductors to microwave electronics. Using thin films

of YBa2CuaOT. 6 and TI_Ca2Ba2Cu30 x deposited on a variety of substrates, including strontium
titanate, lanthanum gallate, lanthanum aluminate and magnesium oxide, a number of microwave
circuits have been fabricated and evaluated. These include a cavity resonator at 60 GHs, micro-

strip resonators at $5 GHz, a superconducting antenna array at 35 GHz, a dielectric resonator

filter at 9 GH_., and a microstrip filter at 5 GHz. Performance of some of these circuits as well as

suggestions for other applications are reported.

INTRODUCTION

Investigationsto determine space electronicsapplicationsofhigh temperature supercon-

ductor (HTS) at NASA Lewis Research Center were initiatedsoon afterthe discoveryofsupercon-

ductivityinceramic oxides Lal.xSrxCu Oy I and YBa2Cu30 7 62 with transitiontemperatures $6 K
and 93 K. Soon aftertheirdiscoverieswere made othersfound the Bi-Sr-Ca-Cu-O 3 and TI-Ca-

Ba-Cu-O 4 classof 100 K + superconductors. Since that time the propertiesof thesesupercon-

ductorsbecame known and we concentratedour effortson development of thin filmsof

YBa2Cu307. 5 and T12Ca2Ba2Cu30 x for space microwave applications. The use of HTS films in a

microwave system requires development of thin films on microwave substratee which then can be
patterned into desired microwave circuits like filters, phase shffters, ring resonators and delay

lines. Such circuits are used in space communication, radar, and sensing systems. 5 Small size,

low loss, low power and light weight are desirable features for these circuits.

In thispaper,we describethe development ofhigh qualityYBa2CuaOT. 6 (YBCO) and

Tl2Ca2Ba2Cu30 x (TCBCO) thin filmson microwave substratescarriedout at NASA Lewis and

alsoat varioussponsored and cooperativefacilities.The method offabricatingand the evaluation

of variousmicrowave passivecircuitsispresented. At the end futureapplicationsare also

highlighted.

DEVELOPMENT OF THIN SUPERCONDUCTING FILMS

To obtain high qualitysuperconducting thin filmson suitablesubstratesformicrowave

applicationsthe substratelatticeconstantsmust be closelymatched to those of the films and
there must not be a detrimentalchemical reactionbetween the substratesand the films. In addi-

tion,the film composition must be as closeto the correctcomposition as possible.To date,very

high qualityfilmshave been obtained by using severalphysicaland chemical depositiontech-

niques. Many of thesetechniqueshad requiredpostannealingat high temperatures. This high

temperature anneal causes chemical interactionsat the film-substrateinterface,making the film-

substrateinterfaceunsuitablefor microwave application.6 To circumvent thisproblem, a laser

ablationtechniqueL8 followed by an insituannealing procedure has been pursued and developed

forthe growth of YBCO films.Also, forthe growth ofTCBCO films,sputteringand laserabla-

tion techniqueswere chosen and funded at UniversityofCincinnati and UniversityofNebraska at

Lincoln,respectively.Though, with both methods an ex-situanneal with thallium over pressure

was required.
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Both YBCO and TCBCO filmswere evaluated fortheirmicrowave properties.The

reasonswhy YBCO was selectedwere because itcan be grown singlephase easilyand has no

competing phases when the oxygen pressureis1 atm or less.Itscriticalfieldcan exceed I00 T at

low temperatures and itscriticalcurrentisgreaterthan 2x106 A/cm 2 at 77 K. TCBCO films

were chosen because the TCBCO phase has a transitionof 125 K in bulk form and earlyproper-

tiesofbulk TCBCO showed that the material had lower I/f noisethan YBCO. The progressto

date on the growth and characterizationof YBCO and TCBCO thin filmsispresented

subsequently.

YBa2Cu3OT. 6 Films

At the beginning of the research three methods of producing YBCO films were investi-

gated. They were sequential evaporation, coevaporation, and laser ablation. In the following

paragraphs, we briefly describe the techniques and give references for them.

Produced by sequentialevaporation.- One of the earliestattempts at The Ohio State University

to produce YBCO filmswas b_"sequentialevaporation of copper,barium fluoride,and yttrium
and followed by a postanneal.= This procedure did produce YBCO f'dmsthat were mainly a-axis

aligned,but the filmsgenerallywere poor having low transitiontemperatures (To) and critical

currentdensity (Jc)values and high porosity.I0 Nevertheless,thistechnique did allow us to set

up the necessaryequipment for investigationofthe opticaland microwave propertiesof HTS

films.9,11,12

Produced by coevaporation.- Coevaporation isbeing pursued jointlyby Oberlin Collegeand

NASA Lewis. The film by thistechnique isgrown at room temperature by coevaporating Cu,

BaF2, and Y from separateelectronbeam guns.!3 Then the film ispostannealed similarto the

postannealed sequentiallyevaporated films. One of the advantages forcoevaporation isthat pat-

ternswith 2/_m linescan be formed by using photoresistand a lift-offtechnique. So far the films

produced have had a high T c of 90 K but Jc inthe 5x105 A/cm 2 range at 77 K. The low Jc is

due to the high temperature annealing conditionswhich cause a substantialamount of

a-axisgrowth and porosity.

Produced by laserablation.- The laserablationtechnique7 has given us the best YBCO filmsto

date. Films by thistechnique were produced at NASA Lewis and the technique has alsobeen set

up at The Ohio State University,successfully.The basic principleoflaserablationisthat a short

wavelength and shortpulse duration laserbeam isfocusedonto a YBCO target.This evaporates

the surfaceof the targetand produces a plasma plume. Since the pulseduration isvery short

there isvery littleheat transferredto the targetpreventingthermal melting ofthe targetand the

noncongruent evaporation of the individualatoms. Therefore,a stoichiometriccomposition of the

targetisablatedfrom the surface.

The best filmson LaAIO 3 were c-axisalignedand had a T c around 90.6 K immediately

afterdepositionas determined by a standard four point resistancemeasurement. Resistance

versus temperature behavior for a YBCO film isshown in fig.I. Criticalcurrentdensity Jc

versus temperature isshown infig.2. As can be seen,the value of J¢ was 2x106 A/cm 2 at 77 K.

The surfaceofthe filmswas very smooth with some small structureof about 0.25/_m in size.

This sizeof structurehas been confirmed by scanning tunnelingmicroscopy. In tableI,we list

the performance ofYBCO and TCBCO thin filmson various microwave substratesalong with the

microwave propertiesof thesesubstrates.
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T12C_Ba2Cu3Ox Films

TCBCO films on LaAIO 3 substrates have been made at University of Cincinnati and
University of Nebraska at Lincoln. University of Cincinnati made their films by r.f. sputtering of

a compressed 2225 powder target 14'15 followed by an anneal in TI vapors. The smooth, dense

films have a T c between 105 K to 107 K with a 6 K transition width. The films are a mixture of
2223 and 2212 phases. University of Nebraska made their f'dms by laser ablation and have

achieved a Tc as high as 115 K, see fig. 3, but typical T¢ were around 108 K. le But the films are
not smooth and have some porosity. They used a compressed powder target of T10 2, BaCuO 2,

and CaCuO 2. Presently, they are exploring the use of a 2223 target to achieve a film that is

denser and has a T c above 120 K.

Microwave Characterization

Surfaceresistance(R.) of superconductingfilm isa basicphysicalproperty that can be

used to determine the qualityof the film and isnecessaryformicrowave devicedesign. Currently,

surfaceresistancevalues are obtained by cavity17'18and striplinemeasurements 19. These mee_

urements are time consuming, and itwould be worthwhile to correlateR. with dc or low fre-

quency measurements, such as dc conductivityabove To, magnetic penetrationdepth, To, and a.c.

susceptibilitymeasurement; but so far therehas been no consistentcorrelationreported between

any of thesemeasurements and R s. The microwave conductivity(#) isanother physicalproperty

that can be measured. The conductivityfor a superconductor iscomplex (# = #1 + ia2_when the

temperature isbelow T c and itcan be relatedto R. and to the penetrationdepth (A)"u.

Miranda etal.12have determined _r by measuring the microwave power transmitted

through superconducting thin filmsin a waveguide experiment. From the value of cr2 the mag-

neticpenetrationdepth (A) can be obtained. A summary ofresultsof _x, )to,R. forYBCO film

on varioussubstratesisshown in tableIf. The R s for thesefilmswere calculatedfrom el, and

A. For YBCO on LaAIO 3 the R, was 1.4x10"3flwhich compares very well with other data.21

The surfaceresistanceisan order ofmagnitude lower than that of copper up to 60 GHs. 21 This

demonstrates that with microwave transmissionmeasurements one can obtain the R,, A, and _rof

HTS films. These threepropertiesare necessaryfor the determination of the qualityof HTS films

and the designingof microwave circuits.

FABRICATION

We have developed a method to fabricatemicrowave circuitsand testdevicesfor HTS

films. The method isto use standard photolithography using negative photoresistand a "wet"

chemical etchant. This etchant was eithera 1 at % solutionof bromine inethanol or dilutephos-

phoricacid inwater. In addition,circuitsidenticalto the I-ITScircuitswere made from patterned

gold. This allows a directcomparison between HTS and gold circuits.

APPLICATION INVESTIGATIONS

The applicationofHTS to communication or radar systems does not only depend on the

propertiesofHTS materialbut alsothe totalsystem costversusperformance. The singlemost

important issuefor space communication isthe possibleneed forcryogeniccooling. IfHTS cir-

cuitsmust be cooled cryogenicallythen that cost interms of power and weight must be considered

along with the improved performance of the devicesand any savingsin weight and power from

the replacement of standard equipment with HTS equipment. However, there are some missions,

such as deep space probes that only would requirepassivecoolingor othermissions where cryo-

genic coolingisnecessaryforother functions,where thiswould not be an issue.Some of the
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microwave applicationsand testingare discussedbelow. A briefdescriptionof each ismade or

referredto. The applicationsunder investigationare resonators,filters,phase shifters,hybrid

circuits,and antennae.

60 GHs Cavity

The surfaceresistanceof HTS filmscan be calculateddirectlyfrom the "Q" value of a

resonatecavityexperiment where one of the end wallsof the cavityisreplacedwith the HTS

film.TM This has been done at60 GHz forYBCO filmson LaGaO 3 and SrTiO 3. The R s values

forthe two filmscan be seen infig.5. These filmswere approximately 1 pm thick;therefores

being polycrystallinec-axisorientedfilms. The resultsobtained agreed with other21resultsfor

YBCO filmsgrown by laserablationand sputteringbut measured at differentfrequencies.This

agreement confirms the f2dependence of R s and that the microwave propertiesfor polycrystal-

linefilmsof YBCO isindependent ofwhether the filmsare grown on SrTiO 3 or LaGaO3..

Resonator Circuits

HTS striplinering resonatorswere fabricatedon LaAIO 3 substrates.22 For measurement

the resonatorswere mounted in a cosinetaperedridge waveguide to microstriptesti'Lxtureas

shown in fig.4. That structurewas cooled by a closedcyclerefrigerator.The resonatorswere

measured by an HP8510 automatic network analyser. The resonance frequency of the resonator

changed rapidlywith temperature just below T c. This change was due to the change in the cir-
cuitreactance caused by the change in the magnetic penetrationdepth.22

The best resonators measured to date and compared to gold is shown in fig. 6. The

unloaded "Q" ranged from 2500 to 1000 at 20 and 77 K, respectively. This corresponds to a

surface resistance value of 8 mfl at 77 K at 35 GHz, a value two to three times better than copper

at the same temperature and frequency.

Filters

Another candidate for applicationof HTS thin filmsisin the area of passivemicrowave

filters.Taking advantage ofthe low lossesforHTS filmwe have consideredwhere they could be

appliedwithin a satellitetransponder to improve performance. Based on resultsobtained to date

on the performance ofsuperconducting microstripresonatorcircuitswith high "Q" values as

compared to an allmetal microstripresonators,we projectthe applicationof superconducting

passivecircuitsas low loss,high "Q" filters13,high "Q" resonators,delay lines,power splitter,

power combiners, and resonatorstabilisedoscillators.

Phase Shifters

In addition to these applications,extremely low lossphase shiftersusing superconducting

switches are alsofeasible.In fig.7,we show a phase Shifterwhich utilisessuperconducting-

normal-superconducting switchesin placeof FET/diode switches. The switchesare fabricated

from high temperature thin filmsofYBCO. The switches operatein the bolometric mode with

the film near itstransitiontemperature. Radiation from a lightsourceraisesthe temperature

higher than the film'sT¢ and consequentlycausesthe film to become resistive.When the lightis
"on" the microwave signaltravelspast the switch,but isreflectedwhen the lightisoff. To

achievethe desiredphase shift,the pairswitcheson the same sideisilluminated. Fig. 8 shows

the predicted behavior for a 180 ° phase shifter with a R s value that is the same as gold at 77 K

and having a R s of 100/_fi in the normal state. It has an with exceptional narrow insertion loss
envelope and excellent return loss.
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Hybrid Semiconductor/Superconductor Device

The naturaluse of hybrid semiconductor and superconductor deviceswillbe where HI-V

compound semiconductors,such as AIGaAs, InGaAs, and III-Vhetrojunctionmaterial,willbe

used at temperature around 77 K for devicesthat cannot operateor give the necessary

performance at room temperatures. Some of theseapplicationsare for low noise amplifiesatfre-

quencies above 22 GI-Izor solidstateamplifiersabove 70 GHz. Since thesesemiconducting

deviceswillhave to be cooled to 77 K thereisno penalty in terms ofthe costor reliabilityof the

refrigerationto be paid touse superconductor devices. Therefore,itisnatural to use HTS circuits

in conjunctionwith III-Vsemiconductors devicesto obtain the best performance of devicesat

thesetemperatures.

In fig.9,we show an example of hybrid semiconductor/superconductor device foran ultra

low noisereceiverfor satelliteapplications.This receivertake the advantage of the excellentnoise

propertiesofAIGaAs HEMT technology and the low noise and resonatorpropertiesof

superconducting transmissionlinesto achievethe ultralow noiseand stableamplification.

Superconducting Phased Arrays

Superconducting antennas have long been imagined as extremely low lossdevices. The

use of superconductors to reduce the sizeof antennas to a fractionof a wavelength and to make

super-directivearrayshave been some of the more popular subjects.Ithas been show recently,

however, that of thesevarioususes,the most _)racticaluse of superconductorsin antennas willbe2_
in microwave and millimeterwave antennas. To demonstrate the use of superconductorsin

such antennas, currentresearchat NASA Lewis, in cooperationwith Ball Aerospace, isfocusing

upon the fabricationand testingof a four element planar array at 30 GHz (fig.10}. The perform-

ance of thisantenna willbe compared to an identicalarray fabricatedusing gold insteadofHTS.

CONCL USIONS

We have demonstrated that rare-Earthoxide thinsuperconducting filmscan be deposited

on various microwave substrateswith criticaltemperature T c above 77 K, criticalcurrent

densitiesJc above 10_ A/cm 2,and low surfaceresistance.The filmscan be easilyetched into

microwave transmissionlinecircuits.Microwave circuitringresonatorfabricatedfrom a YBCO

superconducting film on LaAIO 3 substratashowed "Q" valuesfour time that for similarresonator

made from a gold film. Severalkey HTS circuitssuch as filters,oscillators,phase shifters,and

phased array antenna feedsare feasibleinthe near future. For technology to improve further,

reproducible,largearea filmshave to be grown on low dielectricconstant,low lossmicrowave

substrates.Tradeoffs between superconducting microwave circuitswith cryogenicsystems and

normal metal microwave circuitswillhave to be quantitativelyestablishedto determine their

suitabilityfor advanced communication and sensorsystems.
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TABLE I.- KEY PROPERTIES OF MICROWAVE SUBSTRATE MATERIALS

AND THE TRANSITION TEMPERATURE (To) FOR LASER ABLATED

YBa2CusO 7 FILM ON THE VARIOUS SUBSTRATES

Material

Magnesium oxide (MgO)
Lanthanum aluminate

(LaA10 3)
Lanthanum gallate

Laser,

T c (K)

88

9O

Dielectric

constant

Loss

tangent

4x10 "4

5.8x10 "4

(LaGaO3)

Sapphire (A1203)
Yttriastabilized

zirconia(ZrO)

Silicon(Si)
Gallium arsenide

(GaAs)

88

73

89

27

9.4

11.6
27

12

13

2x10 "3

ixl0"6

6x10 "4

10xl0 "4

6x10 "4

Lattice

size,

4.178(lOO)

s.r92 (110)

s.892(110)
S.lU (o11)

s.srgs(lOO)
5.4s (lOO)

s.s6s(100)

TABLE II.- THE REAL PART OF THE CONDUCTMTY 0.= 0"1 + i0.2,

AND AT 77 K AND 33 GHs, THE CALCULATED R, AT 5 GHz, THE

MAGNETIC PENETRATION DEPTH (;to)FOR YBa2Cu30 7 FILMS ON

LaAIO3, MgO, AND YTTERIA STABILIZED CUBIC ZIRCONIA (YSZ)

Substrate

LaAIO 3

MgO

YSZ

Thickness,

nm

177

35O

120

0.1'

s/mr.

2.5x105

1.2x105

2.4x105

1.8xl0 "3

5.9x10 "3

2.5x10 "3

41x10 "6

155x10 "6

57x10 "6

nm

36O

55O

59O
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